WHAT'S KNOWN ON THIS SUBJECT: Preterm infants dependent on parenteral nutrition are vulnerable to deficits in early postnatal nutritional intake. This coincides with a period of suboptimal head growth. Observational studies indicate that poor nutritional intake is associated with suboptimal head growth and neurodevelopmental outcome.
Improved survival of very preterm infants (VPIs) has highlighted the importance of the associated long-term morbidities, especially impaired neurocognitive outcome. This group of infants is particularly vulnerable to postnatal growth failure. This coincides with the nutritional deficit that develops in VPIs in the first few weeks of life. 1, 2 The deficit refers to the gap between the energy and protein actually provided and that required to mimic fetal growth rates. This postnatal growth failure was described in detail by Ehrenkranz, 3 who produced growth curves based on gestation and birth weight for infants ,30 weeks' gestation. Growth in head circumference (HC) was also insufficient to match the fetal reference curves. 3 This insufficiency manifests as a growth curve falling away from the original centile and an falling SD score (SDS) in the early postnatal period. The nadir in head growth (based on lowest SDS) appears to be ∼4 weeks postnatal age [4] [5] [6] for VPIs. Although there is usually a period of later catch-up head growth, the deficit persists after 36 weeks' corrected gestational age (CGA). 7 Head growth is an especially important measure of growth failure because it correlates with brain growth. 8 The correlation between HC and brain volume has also been shown by using neuroimaging at term. 9 Brain growth between birth and the expected date of delivery are key predictors of longterm brain growth. 10, 11 Hack et al 12, 13 showed that subnormal head size at 8 months was predictive of poorer verbal and performance IQ scores at 3 12 and 8 13 years.
VPIs have a gut that is too immature to digest milk in sufficient quantity to meet nutritional requirements. Virtually all preterm infants ,29 weeks' gestation and ,1200 g require parenteral nutrition (PN) for a period that depends on gestation birth weight and other morbidities. The mean duration of PN dependency in these infants is 15 days. 3, 14 All aspects of contemporary neonatal PN regimens, from manufacture to administration, limit nutritional intakes in the PN-dependent period after birth. These restrictions prevent the delivery of sufficient nutrition to meet the recommended requirements for VPI. 1, 2, 5, 15 Changing early nutritional policy can improve growth in large preterm cohorts 16 including discharge HC. 17 However, PN is a complex nutritional intervention that is difficult to investigate in randomized controlled trials (RCTs). No published 14, 18 RCTs have achieved recommended 19 protein and energy intakes in VPIs in the first few weeks of life. No RCT has investigated the effect of nutritional interventions on early neonatal head growth.
We have developed a standardized, concentrated neonatal PN regimen that optimizes protein and energy intake in VPIs in the PN-dependent period. Concentrating PN ensures the combined volume of aqueous PN and intravenous lipid is much less than the total daily fluid intake. The difference is made up by a supplementary glucose infusion. When other intravenous infusions are administered concurrently, the supplementary infusion is reduced and maintains the intravenous amino acid (aqueous PN) and lipid intake. This regimen allows nutrient intake to be protected despite the characteristically complex fluid, electrolyte, and drug infusions required by VPIs. It has been shown to be effective in optimizing actual protein and energy intake in the PN-dependent period of VPIs. 5, 20 .
We modified our original standardized concentrated neonatal PN regimen (the control regimen) by increasing the macronutrient (protein, lipid, and glucose) content by ∼30% and so created the Standardized, Concentrated With Added Macronutrients Parenteral (SCAMP) nutrition regimen. 21 We hypothesized that the SCAMP nutrition regimen would improve early head growth. Accordingly, the aim of the study was to compare the change in HC (DHC) and change in SDS (DSDS) achieved at day 28 in VPIs randomly assigned to receive SCAMP nutrition or the control regimen.
METHODS
The study received ethical and regulatory approval. Eligible infants were born ,29 weeks' gestation, weighed ,1200 g, and were admitted to the NICU at Liverpool Women' s Hospital (LWH) within 48 hours of birth. Exclusion criteria were infants thought unlikely to survive, infants with major congenital or chromosomal abnormalities, infants known to have a parenchymal brain lesion on cranial ultrasound scan before 48 hours age, and infants without parental consent.
This was a single-center, parallel group, RCTwith blinding of caregivers, parents, and outcome assessors. For patient safety reasons, pharmacists were not blinded to treatment allocation. The control group received the standardized, concentrated neonatal parenteral nutrition formulation used in current clinical practice, and the intervention group received a similar formulation containing additional macronutrients (SCAMP nutrition). Where feasible, randomization occurred before 72 hours of age but always within 120 hours. The statistical package Intercooled Stata 10 (Stata Corp, College Station, TX) was used to generate block randomization codes within strata defined by gestation at birth: 24 to 26 and 27 to 28 completed weeks. Once generated, the randomization codes were sealed in opaque serially numbered envelopes and given to the pharmacy to store in a secure place. After written parental consent, the pharmacy opened the next sequential envelope in the correct stratum and provided the allocated intervention. In the case of multiple births, each infant was individually randomly assigned.
Study PN
The control PN formulation was constituted according to the LWH PN policy. The SCAMP formulation differed only in the macronutrient content (Table 1 ). All study infants received the control PN regimen as soon after birth as possible. After randomization, infants were either maintained on the control regimen or switched to the SCAMP nutrition regimen with the maximum macronutrient intake. The regimens are described in detail in the published protocol. 21 The estimated osmolality (150 mL/kg per day) in the SCAMP regimen is higher than the control regimen (Table 1) . There were no differences in the micronutrients, vitamins, or electrolytes provided by the 2 regimens.
All infants received clinical care in accordance with LWH PN protocol. This included protocols for fluid management; introducing, increasing, and stopping enteral feeds; biochemical monitoring; insulin-treated hyperglycemia; and reduction in lipid infusion rates for hypertriglyceridemia. The study intervention continued until 28 completed days of life. PN was discontinued once enteral feeds exceeded 75% total. The transition from PN to enteral feeds is described in the published protocol 21 and involved the preferential use of expressed or donor breast milk (E/DBM), which remained unfortified until 150 mL/kg per day enteral feeds. If PN were subsequently required, then study PN was administered according to the original randomization until day 28 of life.
Data Collection
HC measurement was performed by using a standard occipital-frontal HC nonstretchable lasso tape measure (Child Growth Foundation, London, United Kingdom). Each infant was assigned his or her own tape measure 22 with 90% measurements determining primary outcome performed by PM (intraobserver coefficient of variation 1.3%). The remainder was performed by Dr Morgan. Measurement technique was harmonized by performing the first 30 measurements jointly, so minimizing interobserver variation. 22 HC was measured to the nearest millimeter and converted to SDS. 23 Detailed intravenous/enteral nutrition, fluid, and drug infusion data were captured from routine nursing charts. The amino acid, glucose, lipid, and energy intake was calculated from the published PN composition data. 21 The enteral intake of protein, carbohydrate, lipid, and energy was calculated from average values for E/DBM 24 and/or manufacturer' s published values. Patient demographic, mortality, and morbidity data were collected from the electronic patient record. The former allowed calculation of the Clinical Risk Index for Babies. 25 Morbidity outcomes were obtained for 36 weeks' CGA survivors with additional 28-day survivor outcomes for morbidities related to PN complications. These data were reported regularly to the Data Monitoring Committee throughout the period of recruitment. This included individual case reviews for specific complications when requested.
Statistical Methods
The primary analysis compared the DHC and DSDS achieved at day 28 in VPIs randomly assigned to receive SCAMP nutrition or the control regimen. The DHC (mm) and DSDS values for each infant were calculated as mean daily rates (for the study intervention period) and then multiplied by the mean duration of the intervention period for all infants (25 days). 21 This approach indicates a mean DHC of 32 mm for the intervention period, using standard preterm reference curves 23 and an estimated mean DHC of 21 mm in the control group by using previous head growth data. 5, 14 The power calculation determined a sample size of 75 (assuming a survival rate of 80% of recruited infants) in each group had 80% power to detect a difference of 6 mm between the 2 groups for the mean DHC assuming a common SD of 12 mm 5, 14 and analysis based on using a 2-group t test with a 0.05 22sided significance level. 21 
Statistical Analysis
Data were analyzed by using Intercooled Stata 11, R2.15.1 (StataCorp, College Station, TX), and SPSS 20 (IBM SPSS Statistics, IBM Corporation). The primary outcome was analyzed with a general linear model controlling for stratum, checked by sensitivity analyses, in Stata. Sensitivity analyses comprised: including covariates to adjust for important group imbalances, identifying and removing potentially influential observations, taking account of multiple births, and joint modeling tests, and linear models as appropriate.
RESULTS
Infants were recruited at the LWH between October 2009 and July 2012. The pathway of recruitment and randomization is summarized in Fig 1. There were no study withdrawals (apart from deaths). The basic demographic data are summarized in Table 2 . There were no clinically important differences between the SCAMP and control groups including factors relating to nutritional management before randomization. Table 3 summarizes the weekly protein and energy intakes from birth. PN protein (intravenous amino acids) and energy is also described. Progressing from postnatal week 1 to 4, PN falls as a proportion of total nutrient intake. Week 1 nutrient intake data include protein and energy intake pre-randomization. During the 28-day intervention period, the SCAMP group received 11% more total protein and 7% more total energy intake. For protein and energy derived from PN, the mean percentages were 26% and 21%, respectively. on postmortem data. 7 This rises to 10% for the more immature infant stratum. Table 4 also summarizes mean HC and SDS data. This indicates the difference in HC is still statistically significant at 36 weeks' CGA despite clinically important catch-up head growth in both groups after 28 days postnatal age. This suggests a 5% difference in brain weight at 36 weeks' CGA. 8 Virtually all infants had an HC SDS less than zero at randomization (reflecting poor antenatal growth). Scatter plots were used to investigate whether HC SDS at randomization might have influenced early postnatal head growth. DHC at 28 days was only weakly correlated with HC SDS at randomization in this study sample (r = 20.2 in each group). The relationship between total protein and energy intakes and the primary outcome was also explored. Exploratory regression analyses suggested a positive association between protein intake and primary outcome (protein r = 0.4; total calorie r = 0.1). The nonprotein calorie:protein ratio was also associated with the primary outcome (r = 20.4), and this ratio and total protein intake were both significant in the multiple regression analysis. Table 5 summarizes the key secondary outcomes relating to weight over the 28-day intervention period and at 36 weeks' CGA. Table 6 summarizes mortality and preterm complications at the end of the 28-day intervention period and at 36 weeks' CGA. No statistically significant differences in mortality or major preterm complications were identified. However, the possibility that major cranial ultrasound scan abnormalities could affect the primary outcome measure was considered. Additional sensitivity analyses demonstrated that our estimate of treatment effect was not affected by the presence of grade 3 or 4 intraventricular hemorrhage, all major cranial ultrasound scan abnormalities combined, or necrotizing enterocolitis (NEC).
DISCUSSION
This study reveals that head growth in the first 28 days of life can be improved by increasing PN protein and energy intake in infants , 29 weeks' gestation. The effect persists until 36 weeks' CGA. Both the SCAMP and control groups achieved higher mean DHC than anticipated, with the former (31 mm) approaching that expected from the reference population growth curve (32 mm). The control group still revealed the characteristic fall in SDS described in previous work, with a nadir at 3 to 4 weeks' postnatal age. 4, 5 These findings provide the first RCT evidence that early head growth failure can be ameliorated by early nutritional intervention in VPIs. Using a published mathematical formula for HC and brain weight, the estimated difference between the groups would be 6% at 28 days and 5% at 36 weeks' CGA. 8 The estimates are consistent with those using alternative formulae. 26, 27 These data are also consistent with the data relating HC and brain volume by using MRI. 8 Thus, a range of methods yields concordant estimates for the effect on brain growth expected of the study intervention. In a small number of infants, the observed growth may not represent optimal head growth because problems such as posthemorrhagic ventricular dilatation can also increase HC. The sensitivity analyses indicate that this is not a likely explanation of these findings.
In humans, maximum brain growth acceleration occurs at 24 to 25 weeks' gestation 27 heralding the onset of the brain growth spurt that takes place during the last trimester and the first 3 months of postnatal life. 27, 28 High growth rates persist until the end of the second year. 28 Malnutrition during this critical period of central nervous system development may cause irreversible long-term neurologic deficits. 28 There are clinical trials that support a role for nutritional intervention during this critical period to optimize cognitive development 29 and neurologic repair. 30 Our study was designed to focus on the first 28 days in preterm infants , 29 weeks' gestation because of the large nutritional deficits and head growth failure reported in this population. This period corresponds to the first part of the brain growth spurt in humans and may be particularly vulnerable to a nutritional insult even if later catchup growth occurs. Our study findings indicate that preventing head growth failure in the first 28 days of life has a lasting impact on HC at 36 weeks' [32] [33] [34] [35] A similar relationship between HC at 9 months and later cognitive function has also been described in term infant populations. 36 These observational studies consistently demonstrate the relationship between head growth in infancy and later neurodevelopment and suggest that the head growth in the period immediately after birth is a useful surrogate for important longterm outcomes.
This study reveals the effectiveness of the SCAMP nutrition regimen in optimizing PN protein and energy intake.
Early protein intake appears particularly important in growth 37, 38 and neurodevelopment. 39 This is consistent with our own study findings that suggest early protein intake is more influential on early head growth than calorie intake. Standardizing and concentrating neonatal PN is particularly effective at optimizing early protein intake. 20 Previous RCTs 14, 18 investigating early neonatal PN failed to achieve optimal nutritional intakes. This may explain why the improved neurodevelopmental outcomes seen in large cohort studies 37 were not reproduced. 40 The principles of standardization and concentration have recently been applied by other workers to neonatal PN in observational studies and been similarly effective in optimizing nutritional intake. 41, 42 We were struck by the very low SDS for HC at randomization. The subsequent catch-up growth is well described in preterm infants. 43 There is consistent evidence that small for gestational age VPIs are at the greatest risk of future neurodevelopmental problems and that this reduces as the degree of catch-up head growth increases. 34, 43 The SCAMP regimen allowed catch-up growth to start from a higher baseline. It has been suggested that postnatal growth failure (particularly HC) in VPIs is resistant to nutritional intervention during the first 4 postnatal weeks. 4 It has been hypothesized that this results from VPIs having somatotrophic axis immaturity: low insulin-like growth factor-I (IGF-I) levels are a consistent feature of this period. 4 IGF-I levels correlate with postnatal head and brain growth in VPIs. 44, 45 IGF-I is also modulated by nutritional intake. 46 Our study clearly reveals that the pervasive failure to achieve adequate head growth should be attributed to inadequate nutrition.
Complex nutritional interventions are difficult to implement consistently in clinical practice and this creates challenges for study design. Our study specifically focused on the period of maximal PN delivery and was not designed to assess differences in PN before day 3. Our protocol ensured early introduction of amino acids (1.8 g/kg per day) in both groups, but we considered using .3 g/kg per day from birth in the SCAMP group a separate study question. Similarly, there was a fall in protein intake during the transition phase between PN and enteral feeding with unfortified E/DBM suggesting separate enteral feeding study is required. Our study design allowed parents .24 hours to consider the information. This design enhanced HC measurement accuracy by using 2 investigators and avoiding swelling/bruising and head molding often present at birth. However, the differing randomization times necessitated standardization of DHC findings. A potential weakness in study design was nonblinding of the pharmacy team. However, this is unlikely to have affected clinical care given complete blinding to treatment intervention at the cotside. The study was not powered to assess major preterm complications although detailed case analysis formed part of the study monitoring process. This did not suggest an atypical pattern of complications in either group. The SCAMP nutrition study is due to report neurodevelopmental outcomes at 2 to 3 years, 21 although it is not powered to detect a difference in this secondary outcome. Our findings provide the essential evidence required to develop a larger multicenter RCT powered to investigate early nutritional intervention and later neurodevelopment.
CONCLUSIONS
Postnatal head growth failure in the first 28 days of life can be ameliorated by optimizing PN protein and calorie intake in preterm infants ,29 weeks' gestation. The effect persists until 36 weeks' CGA after the catch-up phase of head growth. Standardized, concentrated neonatal PN is an effective way of delivering early nutrition to VPIs.
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